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Abstract
Lateral flow assays (LFAs) are a widely-used point-of care diagnostic format, but suffer from
limited analytical sensitivity, especially when read by eye. It has recently been reported that
LFA performance can be improved by using magnetic reporter particles and an external
magnetic field applied at the test line. The mechanism of sensitivity/performance enhance-
ment was suggested to be concentration/retardation of reporter particles at the test line.
Here we demonstrate an additional mechanism of particle relocation where reporter parti-
cles from the lower depths of the translucent LFA strip relocate to more-visible locations
nearer to the top surface, producing a more visible signal. With a magnetic field we observed
an improvement in sensitivity of human chorionic gonadotropin (hCG) detection from 1.25
ng/mL to 0.31 ng/mL. We also observed an increase of the color intensity per particle in test
lines when the magnetic field was present.
Introduction
Lateral flow assays (LFAs) are rapid, simple, and inexpensive point-of-care diagnostic tools
which have been used in the detection of a variety of targets such as toxins, pathogens, drugs,
and hormones. The home pregnancy test for human chorionic gonadotropin (hCG) is the
best-known application of the LFA technology [1]. In a sandwich LFA, a sample wicks by cap-
illary action along a porous chromatographic membrane in which immobilized analyte-spe-
cific recognition elements, e.g. antibodies or DNA/RNA probes, form analyte capture test
lines. Reporter particles bearing their own recognition elements are analyte-bridged to the
membrane at the test line to produce a visible line indicating a positive result. Excess reporter
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particles are captured in an analyte-independent way at a control line to confirm the proper
flow of the liquid along the membrane [1, 2]. A variety of particles such as colloidal gold, col-
ored latex particles, carbon nanoparticles [3], phosphors [4], virus particles [5–7] or magnetic
particles [8–18] can be used as reporters.
Magnetic particle reporters may be detected visually by the naked eye [8–10], or by their
magnetic properties using magnetic sensors [10–19]. Detection of magnetic particles by their
magnetic properties allows for quantitation, although a specialized reader is required. For
example, Xu et al. described a highly-sensitive lateral flow assay using 111 nm superparamag-
netic nanoparticles and a magnetic assay reader, with a detection limit of 0.01 ng/mL cardiac
troponin I, compared to 10 ng/mL detectable by enzyme-linked immunosorbent assay
(ELISA) [14]. Orlov et al. reported that the limit of detection for prostate specific antigen using
their magnetic LFA-based detection platform was four times better than for a conventional
ELISA, using the same antibody pair [19].
Magnetic particle-based assays also have been proposed in which magnetic particles are
used not as reporters, but as capture agents for target/reporter complexes. A magnetic field is
applied to concentrate the magnetic particle/target/reporter complexes at the desired location
for detection [20, 21]. Although not in LFAs, the application of an external magnetic field also
has been shown to modulate magnetic particle movement in a microfluidic channel [22] and
to enhance particle binding efficiency and thus assay sensitivity [23–27].
Recently Ren et al. (2016) demonstrated that the limit of detection (LoD) of an LFA using
magnetic particle reporters could be improved by positioning a permanent magnet under the
test line, and suggested that this was because of a longer target-capture line interaction time,
leading to increased reporter capture at the detection zone [28]. It also has previously been
shown that delaying the sample flow in gold particle LFAs using strips with incorporated
hydrophobic barriers [29] or focusing target-gold reporter complexes into a thin band and
transporting them to the test line using isotachophoresis [30] can improve the LoD of gold
particle LFAs.
Here we present an investigation of the mechanisms of magnetic LFA enhancement sensi-
tivity. By optimizing electromagnet pulse duration, operation synchrony, and location, we test
specific hypothesized mechanisms of LFA enhancement by magnetic fields, including
increased time of transit of reporter particles through capture zones, and relocation of particles
to shallower, more-visible depths in the LFA strip. We find that in the system tested, particle
relocation to more visible depths plays an important, previously-unsuspected role in magnetic
enhancement of LFA sensitivity.
Materials and methods
Chemicals and biologicals
Tween-20, bovine serum albumin (BSA), human chorionic gonadotropin (hCG; 1 μg = 9.28
IU according to the 3rd International Standard), sodium (meta) periodate (NaIO4) and
hydroxylamine hydrochloride were purchased from Sigma-Aldrich (St Louis, Missouri, USA).
Phosphate-buffered saline (PBS) tablets were purchased from Takara Bio Inc. (Shiga, Japan).
Sodium cyanoborohydride was obtained from Thermo Fisher (Waltham, Massachusetts,
USA). Buffers were prepared using sodium acetate (Mallinckrodt, St Louis, Missouri, USA),
sodium carbonate (EM Science, Gibbstown, New Jersey, USA), sodium bicarbonate (EM Sci-
ence), and pH was adjusted with 1 M sodium hydroxide (Macron, Nashville, Tennessee, USA)
and 99.7% min acetic acid (Macron) stock solutions. All buffers were prepared with deionized
water (Millipore Milli-Q). Mouse monoclonal anti-β hCG antibody (#ABBCG-0402),
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polyclonal anti-α hCG antibody (#ABACG-0500) and anti-mouse antibody (#ABGAM-0500)
were purchased from Arista Biologicals (Allentown, PA, USA).
Functionalization of magnetic particles with anti-hCG antibodies
Fc-directed immobilization of the mouse monoclonal anti-β hCG antibodies onto magnetic
particles was carried out using periodate-based oxidation of the glycosylated Fc residues [31].
Anti-hCG antibodies (0.9 mL, 0.1 mg/mL in 100 mM sodium acetate buffer, pH 5.4) were
reacted with 90 μL of 0.1 M NaIO4 for 30 minutes at room temperature with gentle mixing,
while protected from light. The oxidized antibodies were immediately purified using 100 kDa
Amicon Ultra centrifugal filter units (Millipore, Billerica, MA, USA), and stored in 200 mM
sodium carbonate buffer, pH 9.6 (“activation buffer”), at 30 μg/mL for further conjugation
steps.
Streptavidin-coated magnetic particles (#0321, Ademtech, Pessac, France; 120 nm diameter:
25 μl, ~2x1010 particles) were washed in activation buffer, resuspended in 100 μL of activation
buffer and incubated with oxidized antibodies for 2 hours at room temperature with gentle
mixing. Sodium cyanoborohydride (NaCNBH3) solution (5 M NaCNBH3 in 1 M NaOH,
15 μL), was then added to the reaction solution and incubated for 30 minutes at room temper-
ature with gentle mixing. Unreacted aldehydes were quenched with 1 M hydroxylamine in
activation buffer (75 μL) for 30 minutes at room temperature with gentle mixing. The anti-
body-functionalized magnetic particles were separated by magnetic separation, washed thrice
in PBS and stored at 4˚C (~2x108 particles/μL).
LFA strip preparation
Whatman FF80HP nitrocellulose membrane (GE Healthcare) was cut into 6 cm by 29.7 cm
pieces. The test and control lines were dispensed using a lateral flow reagent dispenser (Clare-
mont BioSolutions, Upland, CA) powered by a programmable DC power supply (BK Precision
9130) and equipped with an external Fusion 200 syringe pump (Chemyx, Stafford, TX). Anti-
body solutions (1 mg/mL polyclonal anti-α hCG antibody and 1 mg/mL of anti-mouse anti-
body solutions in 1x PBS, pH 7.4) were dispensed at a rate of 0.22 mL/min with a head speed
of 4 cm/s, providing a dispensed protein quantity of 1 μg/cm. The lines were spotted 1.7 cm
apart from each other, and the test line was spotted at 1.3 cm from the sample pad end (Fig 1).
The membranes were assembled on adhesive cards from DCN Diagnostics with Fusion 5 sam-
ple pads and Whatman CF5 absorbent pads. The membrane assembly was then cut using a
standard paper guillotine, to create individual strips 4 mm wide and 7 cm long. The strips
were then allowed to dry overnight at room temperature and stored desiccated until use.
Lateral flow assay–optimization tests
hCG test protein was diluted in PBS and 50 μL of each sample was dispensed onto the sample
pad of strips with anti-hCG antibodies on the test line and anti-mouse antibodies on the con-
trol line. The strips were washed with 20 μL LFA buffer (1% Tween-20, 0.5% BSA, in PBS, pH
7.4) before applying 5 μL of the conjugated magnetic beads (~109 particles). The strips were
washed again with 200 μL LFA buffer and immediately imaged using a flatbed color scanner
(Perfection V600, Epson, Long Beach, CA). The scanned images were analyzed with the Gel
Analysis Tool of ImageJ (National Institutes of Health, Bethesda, MD, USA) [32] by plotting
the line intensity profile and numerically integrating the area under each peak. Ratios of the
test line (T) intensity to the control line (C) intensity, T/C, were calculated for each strip and
replicates (n = 3) were averaged.
Electromagnetic relocation of magnetic particles in lateral flow assay
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Determination of LoD
To evaluate the analytical sensitivity of the assay, “half-strip” dipstick LFAs (3 mm wide, con-
sisting only of membrane and absorbent pad, with use of sample and conjugate pads avoided
for maximal reproducibility) were performed. 50 μl of hCG test protein in PBS ranging from
1.25 ng/mL down to 0.03 ng/mL (serial two-fold dilutions), were incubated with 1 μL of the
conjugated magnetic beads (~109 particles) for 5 min. The sample was then concentrated to
10 μL using a magnet. The half-strip was dipped into the sample for 10 min. The strips were
then washed with 50 μL LFA buffer (1% Tween-20, 0.5% BSA, in PBS, pH 7.4). The strips were
dried for 2 hours, then scanned, and images were processed as described in ESI. The limit of
detection was determined as the lowest concentration measured to be above the mean plus 3
times the standard deviation of the no-analyte control.
Electromagnet apparatus and programming
For magnetically enhanced LFA, two cylindrical electromagnets, 1.75” diameter X 1.25”
height, (EM175-12-222, APW Company, Rockaway, NJ) were fitted with a pointed 2.5 cm
length, 5 mm steel core to increase the field gradient and to concentrate the magnetic force on
a specific area. A custom LabView user interface was used to modulate the operating duration
and timing of the electromagnets. The system can operate the two electromagnets indepen-
dently (in unsynchronized mode) or in concert (synchronized mode). In synchronized mode,
Fig 1. A) 3D-printed assay apparatus. The apparatus holds an electromagnet over the strip’s top surface and also enables the optional placement of
another electromagnet below the strip. B) Electromagnet-enhanced LFA for hCG detection. Magnetic particles were functionalized with mouse monoclonal
anti-β hCG antibodies. The test line contains goat polyclonal anti-α hCG antibodies, and the control line contains goat anti-mouse antibodies. In this
schematic, one electromagnet is shown positioned above the “upstream” location, which is 2.5 cm upstream of the control line and 0.8 cm upstream of the
test line. The test line is 1.7 cm upstream of the control line, and the “midstream” location is 1 cm upstream of the control line, between the test and control
lines.
https://doi.org/10.1371/journal.pone.0186782.g001
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the electromagnets can be switched on or off simultaneously (synchronous mode) or alterna-
tively (anti-synchronous mode).
To ensure reproducibility, a 3D-printed structure was used to fix the location of the electro-
magnets along the strip. The electromagnets were placed 5 mm above or below the strip, pro-
viding 0.03 Tesla magnetic field (measured using a Cole-Palmer 5170 Gaussmeter) to the strip
at that location. Electromagnets could be placed between the sample pad and test line, at the
test line, between the test and control lines, or at the control line (Fig 1). A modified 3D-
printed structure compatible with the half-strip dipsticks was also designed for LoD tests (S1
Fig). The apparatus holds the electromagnets over the half-strip’s top and bottom surfaces and
the positions can be adjusted and locked by a nut and bolt system. Two glass slides are glued
perpendicular to the magnets to sandwich the membrane between them. An opening in the
bottom part of the apparatus fits a liquid container, made by cutting a 2 mL microcentrifuge
tube at the 0.5-mL line. The apparatus is used in a “vertical” orientation with the TOP side of
the membrane on the left and the BOTTOM side on the right. Fluids in the liquid container
are exchanged either by replacing the container with a new one or by manual pipetting.
Magnetic particle counting by Alternating Gradient Field Magnetometer
(AGFM)
A magnetometer was used to estimate the total number of magnetic material accumulated on
the control and test lines. The control and test lines were cut out using a guillotine. An extra
margin of 1 mm upstream and downstream of the position of each line was cut to ensure that
the entire line was included in the resulting 3 mm x 3 mm cut out square. Each individual
square was placed in a previously calibrated quartz AGFM probe, and a set of gradient coils
were used to generate an alternating magnetic field that caused the probe to vibrate. The
amplitude of such vibration (measured as electric signal generated by a piezo electric device) is
proportional to the magnetic moment of the sample. The number of particles (nparticles) was
determined from the measured magnetic signal (magnetization) with AGFM:
nparticles ¼
MT
Ms  r V
Where MT is the total magnetization measured by AGFM, Ms is magnetization at saturation
of particles (40 emu/g), ρ is particle density (2 g/cm3), and V is particle volume (4.2x10-12 mm3).
Results and discussion
In this work, we investigated two mechanisms of enhancement of magnetic lateral flow assays:
(1) the mechanism of particle retardation, where a magnetic field is used to slow down the pas-
sage of the reporters through the test line and increase the specific binding, and (2) the mecha-
nism of particle relocation, where a magnetic field is used to alter the location of magnetic
particles in the lateral flow membrane towards the upper, more visible, depths of the mem-
brane. Using two electromagnets, we determined the optimal operating mode (timing and
magnet position) with a model LFA using anti-mouse antibody test lines and magnetic parti-
cles modified with mouse antibodies. Furthermore, we demonstrated an increase in sensitivity
of an hCG lateral flow assay.
Particle retardation
To confirm the effect of magnetic forces on retarding the movement of particles along the
membrane, the particle transit time in a 6-cm unmodified Whatman FF80HP membrane
Electromagnetic relocation of magnetic particles in lateral flow assay
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(from sample application to visually-observed arrival of particles at the absorbent pad) was
measured in the presence and absence of the magnetic field. Without the magnetic field, the
transit took 22 ± 2 minutes (n = 3); When the electromagnets were applied (10-second on/
10-second off pulses at 14 V, 0.03 Tesla field strength, electromagnets at top upstream and bot-
tom midstream positions in unsynchronized mode) the transit time increased from 22 to
28 ± 2 minutes (n = 3), confirming that electromagnets can retard the movement of the parti-
cles, as previously suggested [28].
Pulse duration effect on test performance
On/off pulses of varied durations were applied while holding the fraction of time that the mag-
nets were active (“duty cycle”) constant at 50%. In these experiments, the electromagnetic
apparatus was operated in the unsynchronized mode with two electromagnets above the
upstream (0.8 cm before the test line; 2.5 cm before the control line) and below the midstream
position (1 cm upstream of the control line) as illustrated in Fig 2. We observed that the assay
performance was significantly affected by varying the magnetic pulse duration while keeping
duty cycle unchanged (50%).
As the magnetic pulse duration increased from 10 ms to 10 s, the T/C ratio of test line signal
to control line signal steadily increased, from 30% improvement at 10 ms to 234% improve-
ment at 10 s, when compared to control test with no magnet. We observed that a 20-s pulse
duration was less effective compared to a 10-s pulse duration. We speculate that there is a
tradeoff between relocation to the surface with greater visibility, and spreading the particles
among the available antibody binding sites (as opposed to over-saturating the antibody sites at
the very top). The total transit time for the particles to travel the length of the LFA strip was
not significantly affected by pulse duration, at constant 50% duty cycle. This suggests that sim-
ple magnetic force retardation (slower passage of magnetic reporter particles through test lines
increases capture efficiency) is not the sole mechanism of magnetic LFA enhancement as indi-
cated by prior published work [28].
Particle relocation to more-visible depths
We hypothesized that magnetic forces can relocate particles closer to the surface of the translu-
cent membrane, increasing their visibility and the resulting LFA signal strength. The apparatus
design and opaque backing of the nitrocellulose membranes used precluded imaging the parti-
cles when applying an electromagnet above the strip. An electromagnet was therefore posi-
tioned 5 mm below a particle-impregnated nitrocellulose membrane (Fig 3), and the gradual
Fig 2. Effect of pulse duration at constant 50% duty cycle on electromagnetically controlled LFA
performance factor. 13.5 ng/mL hCG was detected using anti-hCG antibodies at the test line and mouse
monoclonal anti-β hCG antibodies-functionalized magnetic particles. Control line consisted of anti-mouse
antibodies. Two electromagnets were applied in top upstream and bottom midstream positions with different
pulse durations at 14 V, in unsynchronized mode. For example, 10 ms represents 10-millisecond on/
10-millisecond off pulses, unsynchronized. Line intensity profiles were evaluated by ImageJ density analysis
[32]. The area under each peak was numerically integrated using the ImageJ Gel Analysis Toolbox, and the
ratio of the test line intensity (T) divided by the intensity of the control line (C) for each strip was calculated,
then averaged (n = 3, mean ± SD).
https://doi.org/10.1371/journal.pone.0186782.g002
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“whitening” of the surface of the strip was observed as a measure of particle mobility and
relocation.
As shown in Fig 3, when an electromagnet was applied below the strip the particles gradu-
ally moved deeper into the translucent strip where they became less visible, leaving a lighter
color on the top surface. This suggests that an electromagnet above a typical 100-μm thick LFA
membrane can influence the vertical flow of particles throughout the thickness of the strip, by
dragging the particles towards the more-visible top of the membrane, and thus enhancing opti-
cal detection. In a related experiment, magnetic particles were applied to the sample pad and
allowed to wick across the width of the strip with an electromagnet placed at the side of the
LFA strip (S2 Fig). We observed the movement of the majority of the particles across the width
of the membrane, and the darkening of the side of the strip nearest to the electromagnet. This
confirmed that the electromagnet can magnetophoretically move particles even when located
5 mm from the edge of the strip.
Fig 3. Vertical magnetic particle movement under the influence of an electromagnet. Images at 1 min
intervals from above a particle-impregnated LFA membrane with an electromagnet applied 5 mm below the
strip at the midstream position (10-second on/10-second off pulses at 14 V, 0.03 Tesla). Image intensity
profiles using the same ImageJ image analysis settings and axes for each image. The electromagnet position
is indicated in the top schematic.
https://doi.org/10.1371/journal.pone.0186782.g003
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Electromagnetic modulation of capture line intensity
In order to investigate the effect of the electromagnet on signal intensity, ~109 magnetic parti-
cles, modified with mouse monoclonal anti-β hCG antibodies, were applied to strips with a
single capture line of goat anti-mouse antibodies and an electromagnet was applied on the
right side of the strip at the midstream position (10 s pulse duration at 50% duty cycle, 0.03
Tesla) (Fig 4). The resulting capture line intensity profile had the same integrated total inten-
sity but was strongly shifted toward the magnet, as compared to that of an identical strip run
without an electromagnet. This result further supports the idea that magnetic forces can
induce significant repositioning of magnetic particles within LFA strips.
Redistribution after magnetic relocation
To examine the time-dependence of magnetic repositioning of reporter particles during an
LFA, the effect of electromagnet location on capture line intensity was studied using particles
modified with mouse monoclonal anti-β hCG antibodies binding to an anti-mouse antibody
capture line. All experiments used 10 s pulse duration at 50% duty cycle with 0.03 Tesla field
strength. All possible positions of a single electromagnet along the strip (upstream, test line,
midstream, control line, and 1 cm after the control line) both above and below the LFA strip
were tested (Fig 5).
While prior work addressed the hypothesis that slower passage of magnetic reporter parti-
cles through test lines could increase capture efficiency, our results suggest that particle reloca-
tion from the deeper and less-visible regions of the membrane also plays an important role in
Fig 4. Control line intensity profile in the absence (A) or presence (B, 10 s pulse duration at 50% duty cycle, 0.03 Tesla) of an
electromagnet at the right midstream position.
https://doi.org/10.1371/journal.pone.0186782.g004
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magnetically-enhanced LFA signals. As seen in Fig 5, we observed that applying magnetic
forces away from the test and control lines can affect LFA signal intensity even more strongly
than magnetic forces applied directly on top of the lines, suggesting an additional mechanism
independent of particle retardation in capture zones.
We observed that placing a single electromagnet upstream of or directly on top of the test
line location did not affect the intensity of the control line (ICL = 1.18±0.03. vs. ICL = 1.22
±0.04, respectively) compared to the no-electromagnet condition (ICL = 1.23 ± 0.02). We
believe that this is because of the relatively large distance between these positions and the con-
trol line (2.5 and 1.7 cm)—even if the magnetic particles were initially drawn to the top, they
could redistribute throughout the membrane thickness before reaching the control line. On
the other hand, placing a single electromagnet above the midstream location, 1 cm before the
control line, increased its intensity (ICL = 1.65 ± 0.05) compared to the no-electromagnet test
(ICL = 1.23 ± 0.02), suggesting that the magnetic particles were pulled by the electromagnet to
flow (and bind) closer to the upper surface of the strip, where they are more visible. When
applying one electromagnet directly above the control line position, the control line intensity
also increased (ICL = 1.48 ± 0.02) but not as much as with a magnet 1 cm upstream. This sug-
gests that the particles need time to magnetophorese towards the surface and become visible.
This hypothesis is also supported by the data in Fig 3, which suggest a time scale of several
minutes for vertical transport of the particles in the LFA membrane. Magnets placed below the
strip were also tested; generally, the results were the inverse of those observed with a magnet
above the strip. Finally, an electromagnet placed above or below the strip at 1 cm downstream
of the control line produced no significant effect, as expected (ICL = 1.21 ± 0.09 and ICL =
1.24 ± 0.08, respectively). These results together provide further evidence against a retarda-
tion-only mechanism of magnetic LFA enhancement.
Demonstration of enhanced analytical performance of the magnetic LFA
We used “half-strip” dipsticks (to maximize throughput and reproducibility), to determine the
analytical sensitivity of the magnetically-enhanced LFA when using the optimized magnet
setup. The magnetic particles, widely used in sample cleanup and concentration, were also
Fig 5. Average control line intensity in magnetic LFA for different positions of a single electromagnet.
Magnetic particles modified with mouse monoclonal anti-β hCG antibodies were tested for binding to an anti-
mouse antibody control line located in the same position as a typical control line. A single electromagnet was
applied at different positions with 10 s pulse duration at 50% duty cycle and 0.03 Tesla field strength. “Above/
below the strip” corresponds to the electromagnet positioned 5 mm above or below the LFA strip. Line
intensity profiles were evaluated by ImageJ density analysis. The area under each peak was numerically
integrated using the ImageJ Gel Analysis Toolbox and replicates averaged. The horizontal dashed line shows
the intensity of the line in the absence of the electromagnet (n = 3, mean ± SD; line intensity for no magnet
control: 1.23 ± 0.02).
https://doi.org/10.1371/journal.pone.0186782.g005
Electromagnetic relocation of magnetic particles in lateral flow assay
PLOS ONE | https://doi.org/10.1371/journal.pone.0186782 January 8, 2018 9 / 14
used here to pre-concentrate (by 5-fold) the target assemblies and thus maximize the benefits
of magnetic particles before being added to the dipstick. Two-fold serial dilutions of hCG pro-
tein ranging from 0.08 to 2.5 ng/mL, were tested using half-strip LFAs in the presence and
absence of the magnetic field (10 s pulse duration at 50% duty cycle, 0.03 Tesla, anti-synchro-
nous mode, in three replicates (S5 Fig)). As expected, the T/C ratio increased as the concentra-
tion of the hCG protein increased for both groups. Moreover, the LoD, defined as the lowest
concentration measured to be above the mean plus 3 times the standard deviation of the no-
analyte control, was 0.31 ng/mL in the presence of the magnetic field, compared to 1.25 ng/mL
when no magnetic field applied (Fig 6).
Magnetometric quantitation of bound particles
The magnetic measurement with AGFM allowed the estimation of the number of magnetic
particles captured on the test and control lines. As expected, as analyte concentration
increased, the number of particles captured was increased. Additionally, more particles were
captured when the magnetic field was present (S7 Fig). The specific contrast, defined as the
ratio of the visual signal to the magnetic signal (number of particles) measured by AGFM, was
also calculated. As shown in Fig 7, the specific contrast for the test line increases with analyte
concentration and the presence of a magnetic field.
The presence of the electromagnet increased the visual signal per particle. Reporters
exposed to higher amounts of hCG yield a higher amount of hCG-reporter conjugates that get
captured at the test line, enhancing the capacity to produce a visible line (S7 Fig). Moreover,
the presence of the magnetic field, allows the formation of a better contrasting test line. Particle
relocation initiated in the region immediately before the test line, allows a greater number of
conjugates to be captured by the test line. Relocation generates a local concentration effect that
Fig 6. Limit of detection (LoD) of hCG LFA in the presence or absence of the magnetic field. Two-fold
hCG dilutions in PBS ranging from 2.5 ng/mL to 0.08 ng/mL were tested in half-strip dipsticks with anti-hCG
antibodies as a test line and anti-mouse as a control line in the presence (full dots) and absence of a magnetic
field (open dots). The strips were imaged and the T/C ratios of integrated areas of respective peaks were
calculated (n = 3). Limit of detection was considered to be the lowest tested concentration above the zero
value plus three times its standard deviation (background + 3SD; dotted line denotes signal for the series with
magnetic field present and dashed line denotes signal for the series without magnetic field).
https://doi.org/10.1371/journal.pone.0186782.g006
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is responsible for better particle binding in the visible regions (at the top) of the strip and when
combined with the observed particle retardation this results in the observed enhancement of
the limit of detection and the visual contrast of test line on the hCG lateral flow assay.
Conclusions
The application of magnetic field pulses in an LFA test conducted with magnetic particles has
been suggested to delay the passage of reporter particles through capture zones, increasing
their specific capture. We tested this effect, and confirmed an improvement in LoD from 1.25
ng/mL to 0.31 ng/mL for hCG detection. Electromagnets retard the movement of particles
through the capture lines leading to increased capture in that region. We also adduced evi-
dence supporting an alternative mechanism, where magnetic forces bring particles to or near
the more-visible top surface of the LFA strip, increasing their specific contrast. We showed
that the upstream positioning (1 cm before a capture line) of a magnet is more effective than
positioning the magnet at the line and may increase the transport of the particles vertically
into the more-visible parts of the LFA membrane.
Supporting information
S1 Fig. 3D-printed structure for the LOD determination tests.
(DOCX)
S2 Fig. Lateral diversion of flowing particles by electromagnet.
(DOCX)
S3 Fig. Average control line intensity for different arrangements of two electromagnets.
(DOCX)
Fig 7. Specific contrast of LFA test line (peak area divided by the total number of particles) in the
presence or absence of magnetic field. Specific contrast, the ratio of integrated area of the imaged test line
peak to the number of particles measured by AGFM, was calculated for 0, 0.62 and 2.50 ng/mL hCG in
assays run with and without a magnetic field, mean and standard error are represented (n = 3). Two-way
ANOVA was performed and statistically significant (95%) variance caused by concentration (p<0.0001),
magnet (p = 0.0003), and interaction between concentration and magnet (p = 0.028) was found.
https://doi.org/10.1371/journal.pone.0186782.g007
Electromagnetic relocation of magnetic particles in lateral flow assay
PLOS ONE | https://doi.org/10.1371/journal.pone.0186782 January 8, 2018 11 / 14
S4 Fig. Effect of electromagnet operation mode on electromagnetically controlled LFA per-
formance factor.
(DOCX)
S5 Fig. Effect of electromagnetically controlled LFA performance in hCG dilution series.
(DOCX)
S6 Fig. Image processing for T/C determination and histogram correction.
(DOCX)
S7 Fig. Number of particles and visual peak area at the test line for hCG dilution series in
the presence and absence of the magnetic field.
(DOCX)
Author Contributions
Conceptualization: Maria João Jacinto, Katerina Kourentzi, Richard C. Willson.
Data curation: Maria João Jacinto, João R. C. Trabuco, Binh V. Vu, Gavin Garvey, Moham-
mad Khodadady, Long Chang, Katerina Kourentzi, Richard C. Willson.
Formal analysis: Maria João Jacinto, João R. C. Trabuco, Binh V. Vu, Katerina Kourentzi,
Richard C. Willson.
Funding acquisition: Ana M. Azevedo, Maria Raquel Aires-Barros, Katerina Kourentzi, Dmi-
tri Litvinov, Richard C. Willson.
Investigation: Maria João Jacinto, João R. C. Trabuco, Binh V. Vu, Gavin Garvey, Mohammad
Khodadady, Ana M. Azevedo, Maria Raquel Aires-Barros, Long Chang, Katerina Kour-
entzi, Dmitri Litvinov, Richard C. Willson.
Methodology: Maria João Jacinto, João R. C. Trabuco, Binh V. Vu, Katerina Kourentzi, Rich-
ard C. Willson.
Project administration: Maria João Jacinto, Katerina Kourentzi, Richard C. Willson.
Resources: Long Chang, Katerina Kourentzi, Dmitri Litvinov, Richard C. Willson.
Software: Binh V. Vu.
Supervision: Katerina Kourentzi, Richard C. Willson.
Validation: Maria João Jacinto, João R. C. Trabuco, Binh V. Vu, Katerina Kourentzi, Richard
C. Willson.
Visualization: Maria João Jacinto, João R. C. Trabuco, Binh V. Vu, Katerina Kourentzi, Rich-
ard C. Willson.
Writing – original draft: Maria João Jacinto, João R. C. Trabuco, Binh V. Vu, Gavin Garvey,
Katerina Kourentzi, Richard C. Willson.
Writing – review & editing: Maria João Jacinto, João R. C. Trabuco, Binh V. Vu, Gavin Gar-
vey, Mohammad Khodadady, Ana M. Azevedo, Maria Raquel Aires-Barros, Long Chang,
Katerina Kourentzi, Dmitri Litvinov, Richard C. Willson.
References
1. Posthuma-Trumpie GA, Korf J, van Amerongen A. Lateral Flow (Immuno)assay: Its Strengths, Weak-
nesses, Opportunities and Threats. A Literature Survey. Analytical and Bioanalytical Chemistry. 2009;
393(2):569–82. https://doi.org/10.1007/s00216-008-2287-2 PMID: 18696055
Electromagnetic relocation of magnetic particles in lateral flow assay
PLOS ONE | https://doi.org/10.1371/journal.pone.0186782 January 8, 2018 12 / 14
2. O’Farrell B. Evolution in lateral flow-based immunoassay systems. In: Wong R, Tse H, editors. Lateral
Flow Immunoassay. 1st ed. New York: Humana Press; 2009. p. 1–33.
3. Posthuma-Trumpie GA, Wichers JH, Koets M, Berendsen LB, van Amerongen A. Amorphous carbon
nanoparticles: a versatile label for rapid diagnostic (immuno)assays. Analytical and Bioanalytical Chem-
istry. 2012; 402(2):593–600. https://doi.org/10.1007/s00216-011-5340-5 PMID: 21904801
4. Paterson AS, Raja B, Garvey G, Kolhatkar A, Hagstrom AE, Kourentzi K, et al. Persistent luminescence
strontium aluminate nanoparticles as reporters in lateral flow assays. Analytical Chemistry. 2014; 86
(19):9481– https://doi.org/10.1021/ac5012624 PMID: 25247754
5. Adhikari M, Dhamane S, Hagstro¨m AE, Garvey G, Chen WH, Kourentzi K, et al. Functionalized viral
nanoparticles as ultrasensitive reporters in lateral-flow assays. Analyst. 2013; 138(19):5584–7. https://
doi.org/10.1039/c3an00891f PMID: 23905160
6. Hagstro¨m AE, Garvey G, Paterson AS, Dhamane S, Adhikari M, Estes MK, et al. Sensitive detection of
norovirus using phage nanoparticle reporters in lateral-flow assay. PLoS One. 2015; 10(5):e0126571.
https://doi.org/10.1371/journal.pone.0126571 PMID: 25978622
7. Adhikari M, Strych U, Kim J, Goux H, Dhamane S, Poongavanam MV, et al. Aptamer-Phage Reporters
for Ultrasensitive Lateral Flow Assays. Analytical Chemistry. 2015; 87(23):11660–5. https://doi.org/10.
1021/acs.analchem.5b00702 PMID: 26456715
8. Liu C, Jia Q, Yang C, Qiao R, Jing L, Wang L, et al. Lateral flow immunochromatographic assay for sen-
sitive pesticide detection by using Fe3O4 nanoparticle aggregates as color reagents. Analytical Chem-
istry. 2011; 83(17):6778–84. https://doi.org/10.1021/ac201462d PMID: 21793540
9. Tang D, Sauceda JC, Lin Z, Ott S, Basova E, Goryacheva I, et al. Magnetic nanogold microspheres-
based lateral-flow immunodipstick for rapid detection of aflatoxin B2 in food. Biosens Bioelectron. 2009;
25(2):514–8. https://doi.org/10.1016/j.bios.2009.07.030 PMID: 19699076
10. Wang DB, Tian B, Zhang ZP, Wang XY, Fleming J, Bi LJ, et al. Detection of Bacillus anthracis spores
by super-paramagnetic lateral-flow immunoassays based on "Road Closure". Biosens Bioelectron.
2015; 67:608–14. https://doi.org/10.1016/j.bios.2014.09.067 PMID: 25294802
11. Granade TC, Workman S, Wells SK, Holder AN, Owen SM, Pau CP. Rapid detection and differentiation
of antibodies to HIV-1 and HIV-2 using multivalent antigens and magnetic immunochromatography test-
ing. Clin Vaccine Immunol. 2010; 17(6):1034–9. https://doi.org/10.1128/CVI.00029-10 PMID:
20410326
12. Workman S, Wells SK, Pau CP, Owen SM, Dong XF, LaBorde R, et al. Rapid detection of HIV-1 p24
antigen using magnetic immuno-chromatography (MICT). J Virol Methods. 2009; 160(1–2):14–21.
https://doi.org/10.1016/j.jviromet.2009.04.003 PMID: 19482361
13. Handali S, Klarman M, Gaspard AN, Dong XF, Laborde R, Noh J, et al. Development and evaluation of
a magnetic immunochromatographic test to detect Taenia solium, which causes taeniasis and neuro-
cysticercosis in humans. Clin Vaccine Immunol. 2010; 17(4):631–7. https://doi.org/10.1128/CVI.00511-
09 PMID: 20181766
14. Xu Q, Xu H, Gu H, Li J, Wang Y, Wei M. Development of lateral flow immunoassay system based on
superparamagnetic nanobeads as labels for rapid quantitative detection of cardiac troponin I. Materials
Science and Engineering C. 2009; 29:702–7.
15. Taton K, Johnson D, Guire P, Lange E, Tondra M. Lateral flow immunoassay using magnetoresistive
sensors. Journal of Magnetism and Magnetic Materials. 2009; 321:1679–82.
16. Wang DB, Tian B, Zhang ZP, Deng JY, Cui ZQ, Yang RF, et al. Rapid detection of Bacillus anthracis
spores using a super-paramagnetic lateral-flow immunological detection system. Biosens Bioelectron.
2013; 42:661–7. https://doi.org/10.1016/j.bios.2012.10.088 PMID: 23206542
17. Wang Y, Xu H, Wei M, Gu H, Xu Q, Zhu W. Study of superparamagnetic nanoparticles as labels in the
quantitative lateral flow immunoassay. Materials Science and Engineering C. 2009; 29:714–8.
18. Marquina C, de Teresa JM, Serrate D, Marzo J, Cardoso FA, Saurel D, et al. GMR sensors and mag-
netic nanoparticles for immuno-chromatographic assays. Journal of Magnetism and Magnetic Materi-
als. 2012; 324:3495–8.
19. Orlov AV, Bragina VA, Nikitin MP, Nikitin PI. Rapid dry-reagent immunomagnetic biosensing platform
based on volumetric detection of nanoparticles on 3D structures. Biosens Bioelectron. 2016; 79:423–9.
https://doi.org/10.1016/j.bios.2015.12.049 PMID: 26741530
20. Carpenter CR, Farace G, MacHenry PS, Foster BJ, Zieba MB, inventors; IDEXX Laboratories, Inc.
(Westbrook, ME, US), assignee. Lateral flow assay and device using magnetic particles. United States
of America patent 2007/0020699 A1 2007.
21. Feistel C, inventor; Wavesesense, LLC (Irvine, CA, US), assignee. Systems and methods for perform-
ing magnetic chromatography assays. United States of America Patent 6,713,271 B1 2006.
Electromagnetic relocation of magnetic particles in lateral flow assay
PLOS ONE | https://doi.org/10.1371/journal.pone.0186782 January 8, 2018 13 / 14
22. Pamme N, Manz A. On-chip free-flow magnetophoresis: continuous flow separation of magnetic parti-
cles and agglomerates. Analytical Chemistry. 2004; 76(24):7250–6. https://doi.org/10.1021/ac049183o
PMID: 15595866
23. Dittmer WU, Evers TH, Hardeman WM, Huijnen W, Kamps R, de Kievit P, et al. Rapid, high sensitivity,
point-of-care test for cardiac troponin based on optomagnetic biosensor. Clin Chim Acta. 2010; 411(11–
12):868–73. https://doi.org/10.1016/j.cca.2010.03.001 PMID: 20211616
24. Dittmer WU, de Kievit P, Prins MW, Vissers JL, Mersch ME, Martens MF. Sensitive and rapid immuno-
assay for parathyroid hormone using magnetic particle labels and magnetic actuation. J Immunol Meth-
ods. 2008; 338(1–2):40–6. https://doi.org/10.1016/j.jim.2008.07.001 PMID: 18657543
25. Morozov VN, Morozova TY. Active bead-linked immunoassay on protein microarrays. Anal Chim Acta.
2006; 564(1):40–52. https://doi.org/10.1016/j.aca.2005.09.068 PMID: 17723360
26. Bruls DM, Evers TH, Kahlman JA, van Lankvelt PJ, Ovsyanko M, Pelssers EG, et al. Rapid integrated
biosensor for multiplexed immunoassays based on actuated magnetic nanoparticles. Lab Chip. 2009; 9
(24):3504–10. https://doi.org/10.1039/b913960e PMID: 20024029
27. Peyman SA, Iles A, Pamme N. Mobile magnetic particles as solid-supports for rapid surface-based
bioanalysis in continuous flow. Lab Chip. 2009; 9(21):3110–7. https://doi.org/10.1039/b904724g PMID:
19823727
28. Ren W, Cho IH, Zhou Z, Irudayaraj J. Ultrasensitive detection of microbial cells using magnetic focus
enhanced lateral flow sensors. Chem Commun (Camb). 2016; 52(27):4930–3.
29. Rivas L, Medina-Sanchez M, de la Escosura-Muniz A, Merkoci A. Improving sensitivity of gold nanopar-
ticle-based lateral flow assays by using wax-printed pillars as delay barriers of microfluidics. Lab Chip.
2014; 14(22):4406–14. https://doi.org/10.1039/c4lc00972j PMID: 25241662
30. Moghadam BY, Connelly KT, Posner JD. Two orders of magnitude improvement in detection limit of lat-
eral flow assays using isotachophoresis. Analytical Chemistry. 2015; 87(2):1009–17. https://doi.org/10.
1021/ac504552r PMID: 25495988
31. Wolfe CA, Hage DS. Studies on the rate and control of antibody oxidation by periodate. Anal Biochem.
1995; 231(1):123–30. https://doi.org/10.1006/abio.1995.1511 PMID: 8678290
32. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Meth-
ods. 2012; 9(7):671–5. PMID: 22930834
Electromagnetic relocation of magnetic particles in lateral flow assay
PLOS ONE | https://doi.org/10.1371/journal.pone.0186782 January 8, 2018 14 / 14
